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Besides its predicted promising high electron mobilities at room temperature, PtSe2 bandgap sensitively
depends on the number of monolayers combined by van der Waals interaction according to our calculations.
We understand this by using bandstructure calculations based on the density functional theory. It was found
that the front orbitals of VBM and CBM are contributed mainly from pz and px+y orbitals of Se which are
sensitive to the out-plane and in-plane lattice constants, respectively. The van der Waals force enhances the
bonding out-of-plane, which in-turn influences the bonding in-plane. We found that the thickness dependent
bandgap has the same origin as the strain dependent bandgap, which is from the change of the front orbital
interactions. The work shows the flexibilities of tuning the electronic and optical properties of this compound
in a wide range.
I. INTRODUCTION
Bandgap engineering is an important and interesting
aspect in semiconductor consortium. Being a funda-
mental property of semiconductors, it determines all the
applications of the materials including electron trans-
port, optical absorption, thermal stability, etc. In newly
discovered 2D semiconductors, graphene has received a
great deal of researches to demonstrate its applications.
One main obstacle to use it in logical devices is to open
the bandgap. Quite some strategies have been demon-
strated, like applying in-plane strain1, choice of suitable
substrates, such as hexagonal boron nitride2, and selec-
tive absorption of atomic hydrogen3. However, the ef-
fects are usually very small. Tuning the bandgap of MX2
type transitional metal dichalcogenide (TMD) materi-
als shows more successful stories both in the theoretical
and experimental aspects, where pressures4–6, van der
Waals interactions4,7–9 etc. are shown to be an effective
way to engineer the bandgap. The change of the elec-
tronic properties with the layer numbers was proposed
to be the effect of quantum confinement7, the structure
variations8 and spontaneous electrical polarization at the
interface of the heterostructures10. Systematic studies
of bandgap evolutions with the layer number in group-
VIB TMDs by Zunger et al.11 reveals that the indirect-
to-direct band gap transformation is triggered not only
by (kinetic-energy controlled) quantum confinement but
also by (potential-energy controlled) band repulsion and
localization. It was shown12 that the band gap of bi-
layer sheets of semiconducting TMDs can be reduced
smoothly by applying vertical compressive pressure. The
semiconductor-metal (S-M) transition is attributed to
the lifting of the degeneracy of the bands at the Fermi
level caused by interlayer interactions via charge transfer
from metallic atoms to chalcogens. Bradley et al.13 found
that the electronic (quasiparticle) bandgap can decrease
nearly 1.0 eV when going from one layer to three due to
interlayer coupling and screening effects, which change
the electronic wave function hybridization in the valleys
of both the valence and conduction bands.
We predicted that PtSe2 may have high electron mo-
bility at room temperature14, if only long wave length
acoustical phonon scattering is included. It may have
the highest phonon limited electron mobility when more
scattering sources are considered15. Recently, monolayer
PtSe2 film was synthesized
16 and its photocatalytic ac-
tivity is evaluated by a methylene-blue photodegradation
experiment, demonstrating its practical application as a
promising photocatalyst. Moreover, circular polarization
calculations predict that monolayer PtSe2 has also poten-
tial applications in valleytronics16. Regarding to these
interesting application of the material, the bandgap is
very crucial. In this work, we demonstrate that the
bandgap, as well as the effective masses of PtSe2 can
be largely tuned by the number of layers. The reason of
the changes can be due to the interlayer interactions via
van der Waals (vdW) forces when the distances of them
are changed. The van der Waals forces increase with the
number of layers are the main causes of this variation.
There is no electrons between the layers, however, the
vdW exists because they are predicted on induced dipole
interactions rather than static charge interactions.
II. CALCULATION DETAILS
The calculations were performed mainly with pseudo-
potential (PP) code PWscf17, with the vdW-DFT
module to treat van der Waals interaction between
layers18–20. The LDA functional was chosen to be that
parameterized by Perdew and Zunger (PZ)21, and the
GGA functional parameterized by Perdew, Burke, and
Ernzerhof (PBE)22–24. The plane-wave kinetic energy
cutoff was set to 70 Ry with the density cut-off of 700 Ry,
and shifted 13 × 13 × 1 Monkhorst-Pack meshes for the
layered structures and 13× 13× 8 for the bulk were used
to perform Brillouin zone integration in order to ensure
the convergence of the results. The convergence of the
total energy was set to be better than 10−9 Hartree. A
vacuum layer with thickness of 50 a.u. was used to model
the 2D-nature of the compounds. Forces on the atoms
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2TABLE I. Crystal parameters under LDA, PBE and
PBE+vdW. a is the in-plane lattice constant, c is the dis-
tance of Pt atoms in z-direction, and dSe-Pt is the distance
between the neighboring Se and Pt planes.
a (A˚) c (A˚) dSe−Pt (A˚)
Exp.27,28,30 3.728 5.081 1.270
LDA 3.757 4.759 1.271
PBE 3.764, 3.758 6.433, 6.558 1.314
PBE+vdW 3.814, 3.798 5.927,4.758 1.356
are limited within 0.001 Ry/a.u. after full geometry re-
laxation. Crosscheck of the LDA and GGA calculations
was performed by the Full Potential Local Orbital codes
(FPLO)25 with the accuracy control set at the same level.
III. RESULTS AND DISCUSSIONS
A. Geometric trends with different functionals
Lattice information of bulk PtSe2 are calculated with
full geometry relaxation as shown in Table. I, compared
with experiments and theoretical calculations. The in-
plane lattice constant a agrees well between the exper-
iment and calculations as can be seen from the Table.
All the functionals reproduce the experiments with accu-
racy within 3%. The distance between Se and Pt within
the unit cell of PtSe2 dSe-Pt is extremely accurate re-
produced by LDA, where the discrepancy is more than
3% within PBE and PBE+vdW. It is well known that
PBE does not describe the dispersive van der Waals in-
teractions, which gives more than 26% overestimation of
the distance c between PtSe2 monolayer as in our work
and other similar works, like that of Piotrowski8, while
PBE+vdW can correct this value to 16.6%. It is notable
that PBE+D3, another dispersive functional in the ’Ja-
cob’s ladder’26, gives over-binding about -6.5%, which is
the same as LDA. Regarding to these results, there is still
much room to improve the accuracy of including proper
dispersive functionals in these van der Waals crystals.
The in-plane lattice constant a increases with the ad-
ditional layers, and shoots gradually to the bulk value
(Fig.1 (a)). Among the different functionals, the varia-
tions of LDA are the most significantly, while values from
PBE and PBE+vdW show only marginal variations. The
LDA gives the smallest in-plane values because its in-
trinsic overbinding characters. Compared with the bare
PBE, the PBE+vdW gives larger in-plane lattice because
it corrects the out-of-plane lattice constant to a smaller
values. The averaged inter-layer interaction energy E¯N
is calculated by Equ. (1),
E¯N =
NE1 − EN
N − 1 , (1)
where the N(≥ 2) is the number of layers, and EN is the
total energy of N -layers. The variation is shown in Fig.1
(b). The PBE gives the lowest value, and LDA gives the
FIG. 1. Trends of lattice constant a with layer number N
varying from 1 to 5 and bulk (a) and the averaged binding
energy E¯N (b) .
largest value. The bonding energy correction by vdW
to bare PBE is about 13 meV, while LDA overestimates
the value by 50%. At the same time, we can see that
the averaged bonding energy increases gradually with the
increase of the layer number.
B. Electronic structure variations with the number of
layers
It is nontrivial to compare the band structure of the
compounds with different thickness because it requires
the alignment of the band structures at different N with
respect to each other. In this work, the band alignment
is obtained with respect to the work function of different
number of layers. The aligned band structures are shown
in Fig.2. Experimentally, bulk PtSe2 is a semi-metal as
measured from X-ray and densitometric techniques27,28
which was confirmed by far-infrared (4000 - 40 cm−1)
and X-ray techniques29. According to the DFT calcu-
lations, the bandgap is dependent on the xc-functionals.
As can be seen in the figure, bulk PtSe2 is metal under
LDA, while it has a finite indirect bandgap with PBE
and PBE+vdW. Guo and Liang30 calculated platinum
dichalcogenide band structures and showed that bulk
PtSe2 is semi-metal, consistent with the results by Dai et
al. using GGA31. But these calculations were performed
3FIG. 2. Band alignment using different layers under different
xc-functionals. The Fermi level is shown by the dashed lines
and set the 0 eV.
FIG. 3. Fat band representations for the s, p, d orbital of Pt
and s, p orbital of Se under PBE+vdW correction of double
layered PtSe2.
with the experimental crystal structure. On the other
hand, Piotrowski et al.8 used fully relaxed lattice of PtSe2
and show that PtSe2 under PBE is semiconductor, which
is consist with our PBE result, while it is metal with
dispersion corrections (PBE+D3), corresponding to the
result of LDA. However, under PBE+vdW bulk PtSe2
is a semiconductor with smaller bandgap than that of
PBE, which indicating that the vdW-DFT correction is
not enough for fixing the van der Walls forces. As will
be argued later in this work, the differences lie in the dif-
ferent lattice constant under different functionals, while
the bandgap is a sensitive to the variation of the bond
length.
In order to get a better insight into the contributions
to the states by different electron orbitals, we plot the
fat-bands of double layers as shown in Fig.3 as an ex-
ample. The bulk band structures are well analyzed by
Dai31. The bandgap of the bulk is developed between
the K and Γ points31. It is shown that the main contri-
butions of the state of the valence band maximum (VBM)
at Γ are from Se pz orbitals, while the conduction band
minimium (CBM) at K points is mainly contributed by
px+y states from Se as well as dxz+yz states from Pt.
The consequence of this electronic configuration is that
the bandgap is sensitive to both in-plane and interplane
lattice constant. However, the CBM and VBM are dif-
ferent from the bulk in the finite layer 2D crystals, where
the VBM is located in the middle of Γ−M and VBM is
located around the Γ point, which simulates the disper-
sions the path of L−A−H −L with kz = 12 in the bulk.
The electron density isosurface of the front orbitals
within energy range of 0.5 eV, i.e. within the dashed
lines in Fig.4(a) from the CBM and VBM of double lay-
ers are plotted in Fig.4(c) and (d). The positions of the
corresponding atoms are shown in Fig.4(b). The elec-
tronic states of VBM mimic the electron distributions of
4FIG. 4. (color online) The LDA band structure of 2 layer
PtSe2(a), with the Fermi level set at E = 0 eV. The unit cell
used in the calculation (b). The electron density isosurface of
the front states of VBM (c) and CBM (d) within the energy
window of 0.5 eV from the Fermi level as shown in (a).
pz orbitals which show the main lobe in the z direction of
Se. The CBM isosurfaces show the in-plane anisotropy
clearly. The one from Se points to Pt, indicating inter-
actions between these orbitals within layer. When more
layers are added, as seen before in Fig.1 (a), the van der
Waals forces introduce compression in c and increase in
a. This will induce stronger interaction of the bonding
of pz orbitals and less bonding between px+y orbitals.
Thus the energy of antibonding state are lowered and
the bonding pz orbitals are increased. This is the reason
for the reduction of the bandgap. The electrons around Γ
are from the antibonding state of pz orbitals. Therefore,
decrease of z will increase its eigenenergy. Meanwhile,
the states around K and Q1c are antibonding of px+y
orbitals, therefore, increase of the lattice decreases the
energy. This is the scenario for bandgap variations with
different number of layers and strains.
The variation of the eigenvalues at the different k-
points with respect to the number of layers, as well as
the band gaps, are in Fig.5. As we can see, the VBM
is located at the Q2v, between M and Γ in 2-5 layered
materials, while in monolayer and bulk it is at the Γ
as also shown in Fig.2 in PBE+vdW calculations. As
for the CBM, it is the same in all the cases. Only in
bulk, the eigenvalue at K-point is degenerated with Q1c
due to band repulsion. Within the cases we considered,
there is no semiconductor-metal transitions, however the
bandgap shrinks from 1.2 eV to 0.5 eV when the layer
number is increased from monolayer to five-layered struc-
ture, indicating the tendency of S-M transitions.
FIG. 5. (color online) Trend of Q1c, Q2v(as shown in Fig.
4 (a)), Kc, Γv and band gap with different layers under vdw-
DFT (solid blue line).
FIG. 6. (color online) Isosurfaces of charge accumulation
(green) and depletion (red) of PtSe2 with N layers, N=2(a),
N=3(b), N=4(c) and N=5(d).
The change of the eigenenergy at the special k-points is
the results of the electron interactions with different num-
ber of layers. This can be observed in Fig.6 where the
corresponding charge accumulation and depletion isosur-
faces in layers with different N ’s are depicted, from which
two conclusions could be drawn: With the layer number
increment, charges are becoming more localized no mat-
ter in intra-layers or in inter-layers, and the charges of
inner Se atoms are transforming to Pt atoms, while that
of outer Se atoms is hardly influenced. These charge be-
havior is similar with that in the study when consider
strain-induced S-M transitions12,32.
The change of the electron distribution and conse-
quently the change of the bandgap are stemmed from
the relaxation of the interlayer distances when the num-
ber of the layers are changed. At this stage, a primary
5conclusion can be drawn that the van der Waals interac-
tion between layers when layered-PtSe2 stacking to bulk
PtSe2 induces a positive in-plane strain (in-plane crys-
tal constant a increases) and a negative out-plane strain
(distance between layers decreases), which leads to the
transfer of the electrons from pz orbitals to in-plane or-
bitals: px+y and dxz+yz. As a consequence, the CBM
goes down and the VBM goes up as discussed above,
narrowing the band gap.
C. Closing the bandgap by in-plane strains
Applying stains is an effective way to tune the car-
rier properties as well established in conventional semi-
conductors Si etc.. Here, in-plane homogeneous strains
can be applied in these layered crystals to induce
semiconducting-metallic transition. As shown in Fig.
7 (a), expanding the in-plane lattice constant, which is
equivalent to a pressure applied on the films, reduces the
bandgap. Its electronic origin is the same as the layer
number dependent bandgap: Positive in-plane strain
weakens the interactions between Se and Pt. With the in-
crease of the number of layers, the strain required to close
the gap is reduced to about only 4% when the number
of layers is 5, of which the band structures under strains
of 0.00, 0.02, 0.04 and 0.06 are shown in Fig.8 in which
VBM is changed from Qv2 in the vincinity of Γ to Γ.
At the same time, both the effective mass of electrons
and holes decrease with the increase of strains, except
the holes in 2-layered compounds. Without strains, in-
crease the number of layer will increase the hole m∗ and
decrease the electron m∗, and monolayer is, however, an
exception because the VBM is located at Γ.
IV. CONCLUSIONS
In summary, PtSe2 with the number of layers increas-
ing from 1 to 5 was studied by PBE+vdW with fully re-
laxed atomic positions. The trends of the band structure
and the atomic positions with the number of layers were
analysed. By comparison of the band and charge redis-
tribution of different layers, we traced out the role of van
der Waals forces plays in these materials. When stacking
layers together, the van der Waals induces a positive in-
plane strain (in-plane crystal constant a increases) and
a negative out-plane strain (distance between layers de-
creases), which leads to the redistribution of the elec-
trons. As a consequence, the CBM, formed mainly by
the hybridised Se px+y orbitals and Pt dxz+yz orbitals, is
lowered, while the VBM, formed mainly by the Se pz or-
bitals goes up, during which the band gap narrows. The
compounds undergo semiconductor to metal transition
with in-plane expansions with the same electronic origin
as the layer number dependent bandgap.
FIG. 7. (color online) Bandgap engineering with in-plane
strain (ε) under PBE+vdW correction in 1-5 layers (a), and
effective mass of electron (upper) and hole (lower) (b) with
the same logo of (a).
FIG. 8. Band structure with in-plane strains ε = 0.00
(a), 0.02(b), 0.04(c) and 0.06(d) five-layered structure with
PBE+vdW.
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